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Introduction
Mercury is a highly toxic heavy metal. 1 It has now been well documented that even low levels of exposure to mercury cause adverse neurological and somatic health effects, most notably nerve and organ damage. 2 While many analytical instruments are suitable for Hg 2+ detection, their availability is limited to large centralized labs with a slow turnaround time. One potential alternative solution is the use of biosensors. 3 Biosensors provide on-site and real-time information in a cost-effective manner. One of the most attractive biomolecules for metal detection is DNA. [4] [5] [6] DNA has many favorable characteristics, including versatility in metal coordination and inherent high stability; additionally, it is easily modified and programmable. [7] [8] [9] [10] In recent years, a number of DNA-based strategies have been developed to detect Hg 2+ .
The most popular method employs the thymine-Hg 2+ -thymine interaction, where Hg 2+ can convert a T-T mismatch to a Hg 2+ -mediated base pair in a duplex DNA. [11] [12] [13] [14] [15] While this interaction is highly specific for Hg 2+ , it is strongly influenced by buffer conditions such as pH, temperature, ionic strength, and anion species, 16, 17 making it difficult for detection in real sample matrix. Another strategy relies on RNA-cleaving DNAzymes. 13, [18] [19] [20] While many metal ions can directly activate DNAzyme catalysis, [21] [22] [23] Hg 2+ requires the aptazyme technology (i.e. mercury recognition still relies on the above thymine chemistry), 13 or using modified nucleotides. 20 These modified nucleotides, however, are not commercially available, also limiting their analytical applications.
We recently reported a new method by incorporating a phosphorothioate (PS)-modified RNA linkage into a DNA oligonucleotide. 24 Hg 2+ efficiently cleaves the PS-RNA linkage due to its extremely strong thiophilicity. This method has excellent specificity for Hg 2+ and the reaction proceeds very quickly. For our initial proof-of-concept, a molecular-beacon-based sensor was 4 designed, and cleavage of the beacon by Hg 2+ resulted in fluorescence enhancement. This beacon contained a fluorophore, a quencher and three PS-RNA linkages, making the synthesis expensive with a low yield. 24 Signaling for Hg 2+ relies on the dissociation of the hairpin, which is strongly affected by salt concentration. Our current objective is to develop a new sensing strategy to overcome these limitations, while maintaining the specificity and sensitivity of the original PS-RNA.
Graphene oxide (GO) is an excellent platform for developing DNA-based fluorescent biosensors. [25] [26] [27] [28] Single-stranded DNA is readily adsorbed by GO, and the attached fluorophore is efficiently quenched. [29] [30] [31] Addition of a target molecule can recover the fluorescence due to probe desorption. 32 We hypothesize that cleavage of the PS-RNA linkage on GO might also produce a similar signal and, if so, we could eliminate the need for the internal quencher. In this research, we use nano-sized GO (NGO) as a quencher to develop a new sensor based on the PS-RNA chemistry. We also compare the PS-RNA strategy with the commonly used poly-thymine probe in various buffer conditions. This comparison has reinforced an important but commonly neglected aspect of Hg 2+ sensing: the effect of Cl -.
Materials and Methods

Chemicals
The fluorophore-labeled DNAs were purchased from Integrated DNA Technologies (IDT, Coralville, IA). GO was purchased from ACS Material, LLC (Medford, MA). The exact DNA sequences used in this study are listed in Figure 1 . well plates and were monitored continuously for 1 h with a SpectraMax M3 microplate reader (Ex = 490 nm; Em = 520 nm).
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Fluorescent assay using the poly-T probe
To understand the potential interference of Cl -in poly-T DNA-based sensing, buffers containing NaCl or NaNO3 were compared. For each sample, 20 nM of the probe was diluted in buffer B (20 mM MOPS, pH 7.5) in the presence of various concentrations of NaCl or NaNO3. Each well contained 15 μg/mL NGO. For fluorescent kinetic measurement, the same parameters were used as the PS-RNA probe described above.
Gel electrophoresis
For each sample, 0.75 μM probe was incubated with 10 μM metal ions in buffer (25 mM NaCl, 50 mM MOPS, pH 7.5) for 5 min. The reaction was quenched afterward by 1 X gel loading dye containing 11 mM EDTA and 8 M urea. The reaction products were then separated using 15% denaturing polyacrylamide gel (dPAGE) at 200 V for 80 min. Gel images were acquired with a Bio-Rad ChemiDoc MP imaging system.
Results and Discussion
Sensor design principles. Our sensor design is shown in Figure 1A . The DNA probe contains three components: a poly-adenine segment (15 adenines) for adsorption by NGO (adenine is known to have high affinity for GO); 33 one or more PS-RNA linkages serving as the cleavage site(s); and a fluorophore. The fluorophore is positioned nearby the PS-RNA sites so that it can be readily released from NGO after the cleavage reaction. The reason that more than one PS-RNA linkage might be needed is due to the low cleavage yield. Once Hg 2+ is added, only ~16%
of each PS-RNA linkage undergoes cleavage, 24 while the rest are desulfurized to the normal 7 phosphate backbone and cannot be further cleaved by Hg 2+ . 34 To optimize the design, we tested DNAs with 1, 3, and 5 PS-RNA linkages (Probe 1-3). The chemistry of the cleavage reaction is shown in Figure 1B . For comparison, a thymine-rich DNA (Probe 4) is also used ( Figure 1C) , and it can also be adsorbed by NGO. In the presence of Hg 2+ , a folded hairpin structure is formed, resulting in DNA desorption and fluorescence increase. 35 The structure of the thymine/Hg 2+ complex is shown in Figure 1D . Comparing these two designs, the PS-RNA sensor does not require full release of the whole DNA, and thus should be less susceptible to variations in buffer conditions.
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Since Hg 2+ cleaves the PS-RNA linkage very quickly, we also expect faster signaling kinetics.
These predictions were tested in the subsequent studies.
DNA probe adsorption. DNA probe adsorption by NGO is the first step of sensor fabrication. Screening for the optimal sequence. After achieving optimal DNA adsorption, we next aim to decide an optimal sequence from the three probes we designed ( Figure 1A ). First, each probe was incubated with 10 µM Hg 2+ and then the samples were analyzed by gel electrophoresis 9 ( Figure 3A ). We observed a single cleavage band with Probe 1, which contains one PS-RNA modification. Interesting, for the other two probes, in addition to a major cleavage band, a smeared product was also observed. It might be that Hg 2+ has formed some complexes with the cleaved fragment, which gradually lost the binding interaction during gel electrophoresis. It is clear that more PS-RNA linkages produced more cleavage. In Probe 3 with five PS linkages, nearly 50% of the probe was cleaved.
We then did another assay by adsorbing the DNA probes on NGO followed by adding Hg 2+ ( Figure 3B ). As expected, a higher number of the PS RNA linkages gave more signal enhancement, suggesting more cleavage. Therefore, we chose Probe 3 for subsequent studies.
Note in this case, we used a relatively high concentration of DNA (250 nM), and the fold of fluorescence increase was quite moderate. For sensor development, the probe concentration was reduced to improve the signal-to-background ratio. Sensor performance. Next we tested the sensor response using Probe 3. With increasing concentrations of Hg 2+ , the signal enhancement was significantly higher ( Figure 4A ). This experiment confirms the effect of Hg 2+ as proposed in Figure 1A . For the selectivity test, we incubated the sensor with 500 nM of each metal ion and only Hg 2+ produced strong fluorescence enhancement ( Figure 4C ). Then the experiment was repeated with a few other metal concentrations. For some environmentally abundant metals, we tested up to 1 mM ( Figure 4D ). In all the cases, Hg 2+ produced signal due to its extremely strong thiophilicity. In addition, Tl 3+ also produced strong signal at 10 µM concentration since it is also a strongly thiophilic metal. 36 Our previous assays indicated that Hg 2+ can still cleave the PS RNA even in the presence of other metal ions. 24 Overall, using the NGO quencher did not alter the metal interaction trend in this sensing mechanism.
11 Sensor selectivity at a few metal concentrations.
Comparison with the poly-T probe. Poly-T DNA is the most common method for DNA-based Hg 2+ detection. Using NGO as the sensing platform, a sensor design is shown in Figure 1C . In this case, this thymine-rich DNA is first adsorbed by NGO, resulting in quenched fluorescence.
In the presence of Hg 2+ , the DNA binds to Hg 2+ and forms a hairpin structure, desorbing from the NGO surface. This method has already been published previously. 35 Using the same graphene platform gives us an opportunity for a side-by-side comparison.
Since ionic strength and salt type are critical factors for sensor performance, we compared the effect of salt systematically. Both NaCl and NaNO3 were used. In both sensors, the DNA probes were adsorbed by NGO first. When the probes were dispersed in a final of 50 mM NaNO3, we observed comparable fluorescence enhancement for both sensors ( Figure 5A ), indicating that a similar amount of molecules reacted with Hg 2+ and produced signal. It is interesting to note though, the PS-RNA-based sensor has a much faster response, where signal stabilized in less than 5 min, while the T-rich DNA still showed signal increase even after 1 h. This is understandable since the Hg 2+ -induced PS-RNA cleavage takes place quickly, while the thymine-Hg 2+ binding has to compete with DNA/NGO binding for signal production. A similar observation was made when the NaNO3 concentration was increased to 150 mM ( Figure 5B ).
When NaCl was used, however, the results were completely different. With 50 mM NaCl ( Figure 5C ), we still observed a similar amount of fluorescence enhancement with the PS-RNA probe, while the signal increase with the T-rich DNA probe was barely visible. The lack of signal increase cannot be attributed to the ionic strength since the above NaNO3 containing buffer at the same concentration produced much stronger signal increase. 17 This effect is even more pronounced when the NaCl concentration was raised to 150 mM ( Figure 5D ), where this Trich DNA probe did not produce any signal increase. By reading the literature on this topic, it is quite easy to notice that most sensors based on the thymine-Hg 2+ interaction used buffers containing NaNO3 or NaClO4 while avoided high concentrations of NaCl. Figure 1A . It allows higher probe/Hg 2+ affinity and the sensor is less susceptible to variations in buffer conditions. The buffer contained (A) 50 mM NaNO3, (B) 150 mM NaNO3, (C) 50 mM NaCl, or (D) 150 mM NaCl. Hg 2+ was added at 15 min in all the samples.
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Conclusions
In summary, we designed a biosensor for Hg 2+ using DNA containing PS-RNA linkages.
Fluorescence quenching is achieved using NGO adsorption. It retains the original selectivity of the PS-RNA chemistry for Hg 2+ , while eliminating the need for an expensive internal quencher.
NGO, the external quencher, produces a detection limit of 8.5 nM Hg 2+ . In contrast to the commonly used poly-T probe, which responded to Hg 2+ slowly, a saturated signal enhancement is quickly achieved in less than 5 min for the current sensor. This new sensor is able to function in various buffer conditions, which is more difficult for the T-rich probe. A few advantages of this PS-RNA/NGO sensor can be concluded from this study. 1) GO serves only as a quencher.
This allows us to use a block of poly-A DNA for tightly binding to GO. This adsorption function is separated from the Hg 2+ recognition function using the PS-RNA chemistry. In the poly-T/NGO system, the same DNA is used for adsorption by GO and also for Hg 2+ binding, making it more susceptible to ionic strength change. Since poly-T DNA is adsorbed less tightly than poly-A DNA, we can envision that the poly-T DNA is more susceptible to non-specific probe displacement as well (e.g. displacement by proteins).
2) The affinity of PS-RNA for Hg 2+ is stronger than that for the poly-T DNA. Therefore, it is less affected by competing coordinating agents, such as Cl -.
3) Poly-T DNA has its advantage of being reversible. In the PS-RNA, the detection is based on a chemical reaction and it is difficult to achieve continuous monitoring with it. Taken together, both sensors are highly sensitive and selective for Hg 2+ detection, and each has its own advantage. The PS-RNA probe might be more useful for testing environmental water samples.
